Interleukin 6 as a key regulator of muscle mass during cachexia. Exerc. Sport Sci. Rev., Vol. 38, No. 4, pp. 168Y176, 2010. Interleukin 6 (IL-6) has received significant attention for its regulatory role in muscle wasting during cachexia. This review examines the role of circulating IL-6 for decreasing muscle mass during cancer and emphasizes some of the indirect actions of IL-6 that may cause muscle wasting.
INTRODUCTION
The whole-body wasting that occurs with disease has been acknowledged clinically since the time of the ancient Greeks. An unintentional 10% loss of body weight over a 12-month period that is directly associated with an underlying disease is termed cachexia (28) . Cachexia involves the loss of both muscle and adipose tissue and can be associated with many disease states, such as certain cancers, congestive heart failure, kidney failure, and HIV/AIDS (35) . More than 80% of patients with gastric or pancreatic cancers exhibit weight loss, and the degree of weight loss with cancer has been associated with shorter survival times. A generalized inflammatory state also is characteristic of cachexia. The inflammatory cytokines that have been implicated in wasting diseases are interleukin 6 (IL-6), tumor necrosis factor > (TNF->), IL-1A, and interferon F. Although many inflammatory mediators may play a role in muscle wasting during cachexia, IL-6 has emerged as a critical factor related to the maintenance of body mass during disease. Although IL-6 has been implicated in many different disease states, this review's primary focus is on the role of IL-6 during cancer cachexia.
Beyond inflammation and disease, elevated circulating IL-6 levels have been clearly associated with an acute bout of exercise. Contracting skeletal muscle is an established source of IL-6 synthesis and release during exercise. The physiological implications related to exercise-induced increases in circulating and skeletal muscle IL-6 have been reviewed recently and demonstrate the important regulatory role of IL-6 on metabolism and immune function during and after exercise (31) . An interesting and somewhat paradoxical question is how a single signaling molecule could be involved in diverse processes related to the metabolic response to exercise, inflammation, and muscle regeneration and also be an important regulator of cancer-induced muscle wasting. One important consideration related to this question is the length of time the circulating IL-6 is actually elevated, a chronic response versus a somewhat brief increase that returns to baseline. With exercise, circulating IL-6 can be elevated for several hours to several days, whereas cancer patients can have circulating IL-6 levels elevated chronically for weeks. Because systemic IL-6 levels normally peak immediately after an acute bout of exercise and return to baseline levels by 2 d after exercise (30) , our definition of chronic IL-6 is anything longer than this normal, physiological response of systemic IL-6 seen during exercise. A second important consideration when examining the potential effects of IL-6 relates to the source of the circulating IL-6 and the potential interactions between IL-6 and its soluble or cell surface receptor. The cellular source and level of receptor expression could impact the type of tissues responding to IL-6 and directly or indirectly regulate muscle homeostasis. Whereas muscle is an important source of circulating IL-6 with exercise, other sources of IL-6, such as immune cells responding to infection or a tumor with cancer, are likely sources of IL-6 with disease. Lastly, a chronic elevation of circulating IL-6 is often associated with an underlying disease, and specific aspects of different disease states could serve to alter the systemic and tissue level response to elevated IL-6.
This review analyzes the effect of chronically elevated IL-6 on the regulation of skeletal muscle mass and the potential for exercise to influence this response. Although expression methodologies that increase either circulating IL-6 or IL-6 directly in muscle have provided tremendous insight into skeletal muscle regulation, the scope of this review is to examine the relationship between cancer, chronically elevated IL-6, and skeletal muscle mass. Acknowledging that there is considerable work remaining to determine ultimately the direct and indirect effects of chronic IL-6 levels on skeletal muscle mass regulation, the central hypothesis of this review is that low, chronic levels of circulating IL-6 have a greater impact on the acceleration of disease progression, rather than directly regulating skeletal muscle protein turnover. The impact of the cellular-and tissue-level sources of IL-6, dosage of IL-6, and potential direct and indirect actions of IL-6 on muscle are discussed.
IL-6 AND IL-6 SIGNALING

IL-6 Signaling Cascade
IL-6 is a member of a family of multifunctional cytokines that includes IL-11, leukemia inhibitory factor, ciliary neurotrophic factor, and cardiotrophin 1, among others (21) . IL-6 is commonly described as a pleiotropic cytokine, which is produced by a variety of cell types, targets a variety of cell types, and has the capacity to induce several different intracellular signaling pathways. Circulating IL-6 levels are normally very low or undetectable and are dramatically increased in response to inflammatory conditions, often related to the acute-phase immune response to infection. Through ligandreceptor interactions, IL-6 can induce intracellular signaling in a wide range of cell types, including smooth muscle cells, hepatocytes, and hematopoietic stem cells. The diversity of IL-6 regulatory targets relates directly to interactions with both the membrane-bound and soluble IL-6 receptors. The membrane-associated IL-6 receptor on target cells forms a heterodimer with the cell surface gp130 receptor, and this complex activates intracellular signaling pathways. The gp130 receptor is known as the signal-transducing receptor and is expressed on the plasma membrane of most cell types.
The regulation of intracellular signaling initiated by IL-6 has been well described for a number of cell types (21) . Briefly, IL-6 binding to the IL-6 receptor and the subsequent heterodimer formation with two gp130 receptors serve to activate two Janus kinase (JAK) family members by transphosphorylation. The activated JAKs can then phosphorylate signal transducers and activators of transcription (STAT) family proteins. This signaling pathway is commonly referred to as JAK/STAT signaling, and allows activated STAT proteins to dimerize and translocate to the nucleus to activate gene transcription, which is related to processes associated with inflammation, angiogenesis, cell survival, cell proliferation, and cell transformation that is related to cancer. IL-6Yinduced STAT signaling also initiates negative feedback regulation through the increased transcription of suppressor of cytokine signaling (SOCS) proteins.
IL-6 binding to the soluble IL-6 receptor allows for gp130 receptor complex formation in a greater range of target cells, because the gp130 receptor is expressed in most cell types. This type of IL-6 signaling is termed trans-signaling, and is a biological regulatory event where the soluble receptor serves as a signaling agonist rather than antagonist (21) . Circulating soluble IL-6 receptor expression is increased in patients with colon cancer (39) . Alterations in soluble IL-6 receptor expression with cachexia-associated diseases could be important for the systemic amplification of IL-6 signaling in a variety of tissues.
IL-6 AND CANCER CACHEXIA
Human Studies
Many cancers that induce cachexia also are associated with elevated systemic IL-6 levels. IL-6's relationship to cancer cachexia has been well documented (35) . Although many cytokines are involved in inflammatory processes and have the potential to be involved in cachexia, circulating IL-6 is well described as either elevated or a predictor of weight loss in human cancer cachexia (22, 32) . IL-6 has been found in larger quantities in weight-losing patients with cancer than in patients with the same disease, but without weight loss (32) . Iwase et al. (22) reported that IL-6 was the only cytokine measured that was elevated in all 28 cachectic patients included in their study, and IL-6 levels increased in patients as they approached death. Circulating TNF-> was elevated in only 1 of 28 cachectic patients.
Rodent Studies
Mouse models of cancer have provided valuable insight for understanding the effect of IL-6 on skeletal muscle wasting. IL-6 is an important regulator of muscle mass loss in several mouse models used to study cancer cachexia. C-26 colon adenocarcinoma implantation in the mouse flank, a commonly used cachexia model, typically results in approximately 25% to 50% reduction in gastrocnemius muscle mass by 3 wk after inoculation (34) . Mice implanted with the murine C-26 adenocarcinoma have increased circulating IL-6, which coincides with muscle wasting (34) . In fact, certain clones of the C-26 that do not cause cachexia coincidently also do not produce IL-6 (17) . Administration of specific IL-6neutralizing antibodies or IL-6 inhibitors has decreased muscle wasting in tumor-bearing mice (34, 40) . Although this model is advantageous, mice implanted with the C-26 adenocarcinoma typically do not live longer than a month once inoculated with the tumor. Additionally, the tumor size also can comprise up to 10% of the animal's body weight, which usually does not occur in human cancer or cachexia. This ratio of nonphysiological tumor to body mass could place excessive systemic inflammatory and metabolic challenges on the animal.
Apc Min/+ mice
Our laboratory has used the Apc Min/+ mouse, which is widely used to study intestinal and colon polyp formation and growth, to study the impact of exercise and diet on intestinal tumor growth, as well as the regulation and progression of cancer cachexia (4Y7, 25, 26) . This mouse has a mutated adenomatous polyposis coli (Apc) gene and spontaneously develops a large number of intestinal and colonic polyps by 4 wk of age. During our original investigation into this mouse model, we found that body mass was 21% less and gastrocnemius muscle mass 45% less than wild-type mice at 6 months of age (25) . These mice also demonstrated chronic inflammation, as they had splenomegaly and elevated IL-6 levels in the plasma, without any induction of circulating TNF-> levels. Our investigation then proceeded to examine if the induction of circulating IL-6 was necessary for the development and progression of cachexia in the Apc Min/+ mouse (6) ( Fig. 1 ). First, we found that when 6-month old Apc Min/+ mice were stratified by the degree of catechetic symptoms, mice exhibiting the greatest skeletal muscle mass loss also had the highest circulating IL-6 levels. We further addressed this question through the manipulation of circulating IL-6 levels by gene knockout or systemic overexpression methodologies. Apc Min/+ /IL-6 j/j mice failed to develop cachexia and had skeletal muscle masses that were greater than cachectic Apc Min/+ mice and similar to agematched, wild-type mice. This lack of cachexia was present in the Apc Min/+ /IL-6 j/j mice, although they carried a significant intestinal tumor burden. When IL-6 was replaced systemically in Apc Min/+ /IL-6 j/j mice through the use of an IL-6 overexpression vector electroporated into the quadriceps muscle, gastrocnemius muscle mass, and fat pad mass were significantly reduced. IL-6 overexpression at physiological levels (È180 pgImL j1 or È18-fold greater) also accelerated cachexia in precachectic Apc Min/+ mice. Both skeletal muscle wet masses and fiber cross-sectional areas (CSAs) were affected by the different manipulations to systemic IL-6 levels (6, 7) . It also is worth noting that IL-6 mRNA was not induced in the gastrocnemius muscle of the cachectic Apc Min/+ mice (7), suggesting another source of IL-6 that was causing the wasting. These data demonstrate that Apc Min/+ mice undergo an IL-6Ydependent cachexia that is not related to local IL-6 production.
Source of IL-6 During Cancer
Although there may be many different tissues and cell types that are responsible for the increase in circulating IL-6 during some types of cancer, there is evidence that the tumors are an important source. It has been shown that when tumors are removed from cachectic rodents, body mass can return to normal, and circulating IL-6 levels significantly decrease (34) . Further work has demonstrated that clones of the C-26 adenocarcinoma that produced IL-6 cause cachexia, whereas those that did not produce IL-6 also did not have any effects on body mass (17) . When IL-6Yproducing human melanoma or prostate cancer cells are implanted into mice to produce cachexia, administration of an IL-6Yneutralizing antibody to human IL-6 prevented body mass loss (40) , suggesting that the IL-6 that was being blocked was IL-6 that was being produced by the tumor. Although IL-6 has been postulated to be a tumor growth factor, the functional role of tumor-produced IL-6 in mediating skeletal muscle mass has not been elucidated.
CHRONICALLY ELEVATED IL-6 WITHOUT UNDERLYING DISEASE
Many researchers have turned to nondisease models to delineate the effects of chronically elevated IL-6 on skeletal muscle. Chronic administration of IL-6 to otherwise healthy mice or rats through transgenic overexpression (11) , systemic administration (18, 23) , in vivo electroporation (16) , or infused directly into skeletal muscle (9, 20) can decrease muscle mass and muscle protein content or slow the rate of muscle growth. However, these effects seem related to the level of circulating IL-6, the type of administration, and the age of the rodent.
Human Studies
The human response to altered circulating IL-6 levels at acute time points after administration has been examined. For example, one group has administered recombinant human IL-6 in healthy men at a dose of 140 pgImL j1 for 3 h (37). They found a 50% decrease in muscle protein turnover, with were analyzed at 6 months of age for gastrocnemius muscle mass, total intestinal polyp number, and circulating IL-6. IL-6 or an empty vector was overexpressed in the circulation in Apc Min/+ /IL-6 j/j mice (MIN IL-6 KO + VECTOR and MIN IL-6 KO + IL-6) and WT mice (WT + VECTOR and WT + IL-6). Treatment was done for 10 wk, and muscle mass, polyp counts, and circulating IL-6 also were analyzed at 6 months of age. ND indicates not detected.
protein synthesis suppressed more than protein breakdown. They also found that the release of amino acids from skeletal muscle increased twofold, whereas the concentration of amino acids in the blood decreased. Thus far, there have not been any studies conducted in humans looking solely at the long-term consequences of chronic, systemic IL-6 on skeletal muscle and adipose tissue mass.
Transgenic IL-6 Mice
The overall mouse growth rate of transgenic mice overexpressing IL-6 is reduced 50% to 70% when compared with wild-type mice (11) . The circulating IL-6 levels in these transgenic mice were 5000Y15,000 pgImL j1 , which are very high when compared with levels seen in many wasting disease conditions (100 pgImL j1 ) in humans (22) . When examining transgenic overexpression of IL-6, it must be recognized that IL-6 will be expressed in many, if not most, tissues. This autocrine/paracrine regulation may not be present in most disease states, where the source of IL-6 is localized to an area of chronic infection. When interpreting these studies, it is important to consider that there is both high circulating and tissue expression of IL-6.
Direct Application of IL-6 to Skeletal Muscle
IL-6 infusion has been applied directly to skeletal muscle using miniosmotic pumps (9, 20) . Rats are implanted with these pumps, and IL-6 is released over a period of 14 d, whereas circulating IL-6 levels remain the same or decrease compared with sham-operated, saline-infused rats. The dose used was designed to mimic plasma IL-6 concentrations after strenuous exercise (10Y70 pgImL j1 ). This model is advantageous for two reasons. First, the authors can delineate direct effects of IL-6 on skeletal muscle by administering it directly to the muscle without the complications of indirect effects of other tissues. Second, the dose they use is quite low compared with IL-6 transgenic mice and other models of high systemic IL-6, and nicely complements IL-6 levels seen during cancer cachexia. The authors did report that the tibialis anterior muscles had 9% less protein content and 17% less myofibrillar protein content. However, changes in protein content were made between the IL-6Yinfused muscle and the contralateral, noninfused side, and it is not clear if muscle masses were altered with this type of treatment.
Systemic Administration
The results of injecting rodents with IL-6 have provided conflicting results. One study injected human recombinant IL-6 into rats and measured protein breakdown 12 h later (18) . At a dose of 115 KgIkg j1 body mass, IL-6 did not stimulate protein breakdown as measured by tyrosine and 3-methylhistine release in vitro. On the other hand, two injections of IL-6 at 125 KgIkg j1 body mass, each separated by 3 h, were enough to induce increases of 15% to 40% in tyrosine and 3-methylhistine release, respectively. The interesting observation is that this higher dose of IL-6 also was sufficient to induce fever in these rats, whereas fever was not induced with the lower dose. More recent work has administered recombinant human IL-6 to rats through continuous infusion through miniosmotic pumps implanted subcutaneously for 7 d at a dose of 50, 100, or 250 KgIkg j1 body mass per day (23) . Only the high dose of IL-6 (250 KgIkg j1 body mass) resulted in smaller muscle masses by approximately 15%. Serum measurements of IL-6 reached 12,000 pgImL j1 in the high-dose group and 765 pgImL j1 in the moderate-dose group. These studies would suggest that only supraphysiological doses of IL-6 are capable of inducing atrophy in the absence of an underlying disease.
In Vivo Electroporation of IL-6 in Mice
Whereas some investigators have shown that IL-6 also is sufficient to induce cachexia, our laboratory has demonstrated that IL-6 does not affect overall body mass, lean tissue mass, or fat mass in mice without a tumor burden ( Fig. 1 ). Low-level systemic IL-6 overexpression (152 pgImL j1 ) for up to 10 wk using in vivo electroporation had no effect on body mass, epididymal fat pad mass, or gastrocnemius muscle mass from wild-type mice (6) .
A similar IL-6 plasmid and electroporation procedure has been used that involved injection of the tibialis cranialis, gastrocnemius, and quadriceps muscles of both limbs (16) . As a result of the number of muscle electroporated, the levels of serum IL-6 in this study were very high, approximately 800 pgImL j1 between days 7 and 15, and declined to 200 pgImL j1 at 30 d after the electroporation procedure. Nevertheless, this procedure caused a 20% reduction in body mass after 7 d and remained suppressed during the 30-d experiment. IL-6 overexpression also caused approximately 75% decrease in adipose tissue mass and a 9% reduction in quadriceps skeletal muscle mass. We also have reported that the muscle that produces the IL-6 after electroporation (quadriceps) has a 16% reduction in quadriceps mass (7) . This is likely related to the high dose of IL-6 being in this quadriceps muscle. An important consideration relates to the extremely high doses of circulating IL-6 with these methodologies when compared with the levels seen in cachectic cancer. It remains to be determined if supraphysiological levels of IL-6 regulate wasting mechanisms similarly to the low-level chronic inflammation seen in many cachectic conditions. Of the research conducted thus far, low chronic levels of circulating IL-6 without underlying disease do not seem to be sufficient to induce body mass or skeletal muscle mass loss.
MUSCLE-SPECIFIC CHANGES DURING IL-6YDEPENDENT CACHEXIA
Most theoretical models describing muscle mass regulation clearly define the important balance between anabolic and catabolic stimuli for resultant growth or wasting. There is an unequivocal agreement in the literature that muscle mass loss with cachexia involves the regulation and induction of protein degradation, protein synthesis, and apoptosis (35) . There has been a keen interest in better understanding the stimuli inducing wasting, the regulation of these mechanisms, and the type of muscle wasting that contributes to extreme loss of muscle mass. The identification of processes critical for muscle mass maintenance at different stages of cachexia and how these processes are regulated by different types of underlying 
Glycolytic Versus Oxidative Muscle
Human skeletal muscle is a mix of oxidative and glycolytic muscle fibers. Besides differing in metabolic and physiological properties, fiber type also impacts sensitivity to atrophic stimuli. Atrophy induced by muscle disuse (i.e., bed rest, spaceflight) affects these muscle phenotypes differentially; slow-oxidative muscle fibers initially undergo greater atrophy (10) . Unlike disuse, the generally accepted consensus is that glycolytic fibers are more susceptible to wasting diseases. Additionally, the skeletal muscle mitochondria population is not homogenous, which may affect the ability of fast fibers to effectively deal with oxidative stress (3) . With C-26 tumor implantation, there is significant wasting of the mouse fasttype gastrocnemius and tibialis anterior muscles, with minimal change in slow soleus muscle mass (1) . Although these dramatic differences in muscle mass are not apparent in the Apc Min/+ mouse, we have reported a greater atrophy in the gastrocnemius compared with the soleus muscle (25) . When quantifying muscle fiber CSA of the gastrocnemius muscle, type IIb fiber CSA was 32% less in cachectic Apc Min/+ mice compared with age-matched, wild-type mice, but the mean type IIa fiber CSA was unchanged (7) . We also have found that the Apc Min/+ mouse soleus muscle undergoes regeneration and/or necrosis during cachexia, which is not present in the gastrocnemius muscle (25) . When IL-6 was overexpressed in precachectic Apc Min/+ mice to accelerate cachexia, only type IIb fibers demonstrated significant atrophy. Because of these differences related to muscle phenotype, it seems that fiber type, possibly related to oxidative capacity, can have a significant role in regulatory processes related to cachexia. Further work is needed to establish if IL-6 preferentially targets fast-type muscles to waste, while simultaneously altering regeneration and necrosis in oxidative muscle fibers.
Cell Signaling
The lysosomal system involving the cathepsins, the calciumactivated system involving the calpains, and the ubiquitin system are well-described processes for protein degradation in cells (35) . Atrogin 1 and muscle ring finger 1 (MuRF-1) are two muscle-specific E3 ligases that are induced in atrophying and wasting skeletal muscle. There have been conflicting reports as to whether MuRF-1 and atrogin 1 are regulated by IL-6. IL-6 administration applied directly to the muscle for 14 d has been shown to not alter MuRF-1 (20) . However, atrogin 1 mRNA levels have been shown to both increase and not change with muscular treatment of IL-6 (9, 20) .
Our laboratory also has measured atrogin 1 and MuRF-1 mRNA and protein levels in the gastrocnemius using the Apc Min/+ mouse and our different IL-6 treatments (7) . Atrogin 1, but not MuRF-1, was induced at both the gene and protein level of Apc Min/+ mice aged 3 to 6 months, going from a precachectic to a cachectic state. Atrogin 1 mRNA and protein levels also were elevated in Apc Min/+ mice when we overexpressed IL-6 in the circulation. However, there was a smaller increase in atrogin 1 mRNA levels in wild-type, noncachectic mice after IL-6 overexpression, which did not translate into increased atrogin 1 protein. Further work will need to examine the regulatory importance of atrogin 1 sensitivity to IL-6 and if this relates to the pathology of wasting muscle in IL-6Ydependent cachexia.
INDIRECT EFFECTS OF IL-6
When examining systemic overexpression or diseaseinduced increases in IL-6, it is difficult, if not impossible, to delineate the direct effects on skeletal muscle versus indirect effects related to other systemic changes. Because many cell types in muscle have the capacity to respond to IL-6Yinitiated signaling, it would be interesting to determine which cell types are initiating the biological responses to the directly applied IL-6 stimulus. Additionally, understanding the integration of IL-6 signaling between endothelial cells, immune cells, fibroblast cells, satellite cells, and myofibers to regulate muscle plasticity and size remains an important question. Physiologically, increased circulating IL-6 due to underlying disease will almost certainly influence muscle mass through a combination of direct and indirect effects and include a variety of cell types for the disruption of muscle homeostasis. The systemic alterations that accompany many diseases associated with cachexia are likely important for understanding the integrated signaling events that leads to muscle wasting. These integrative events also may provide the rationale for muscle wasting specifically related to the regulation of muscle loss with different underlying diseases. Because physiological concentrations of circulating IL-6 are insufficient to induce skeletal muscle wasting in wild-type mice, one must point to indirect effects of IL-6 to mediate its cachectic effect during cancer.
Tumor Growth and Formation
IL-6 may be working indirectly to affect the polyp burden because IL-6 is a potent tumor growth factor (13, 33) . IL-6 mRNA expression is normally low in normal intestinal epithelial cells, but increases in expression as tumor progression advances. IL-6 treatment in vitro induced cell proliferation in a concentration-dependent manner in colonic epithelial cells that also were heterozygous for Apc (Apc +/j cells), but not in colonic cells that were Apc +/+ (13) . IL-6 facilitates tumor growth in prostate cancer cells as well (33) . However, one study has shown that an antiYIL-6 antibody prevented muscle wasting in mice, but this type of treatment did not affect tumor size (40) . This result would suggest that IL-6 may have the capability to directly cause muscle wasting, independent of tumor growth.
Data from our laboratory suggest that IL-6 has a potent effect on tumor growth and formation, and this is correlated with the severity of cachectic symptoms. We have demonstrated that the intestinal polyp burden correlates with plasma IL-6 levels (25) . In addition, Apc Min/+ mice that lack IL-6 have fewer and smaller tumors than Apc Min/+ mice with IL-6 (6). Finally, when we overexpress systemic IL-6 into Apc Min/+ /IL-6 j/j mice, the tumor burden increases (Fig. 1) . These data suggest that IL-6 has a potent effect on tumor multiplicity and growth, and treatments that inhibit either of these processes may have a positive effect on skeletal muscle mass. The question remains as to whether skeletal muscle wasting can be attenuated in the absence of an effective therapy at the level of the tumor.
Fat Metabolism
Another potential indirect effect of IL-6 could be its effect as a lipolytic agent. IL-6 also affects lipid metabolism through oxidation and lipoprotein lipase activity (19) . In general, adipose tissue mass precedes skeletal muscle mass loss, and there is more adipose tissue loss than skeletal muscle mass loss (14) . Circulating triglycerides also increase quite rapidly in Apc Min/+ mice, and these levels are correlated to the tumor burden (29) .
Our data in the Apc Min/+ mouse show that epididymal fat pad is about 50% less in young (3-month old) Apc Min/+ mice compared with wild-type mice, but gastrocnemius muscle mass is unaltered at this early time point. This is the same time where we see increases in circulating IL-6 compared with wild-type mice (26) . By 6 months of age, epididymal fat pad mass is È75% less and gastrocnemius muscle mass is È24% less than wild-type mice. It is quite possible that IL-6 induces the release of lipid from adipose tissue stores, and this state of hyperlipidemia is detrimental for skeletal muscle. It is currently unknown whether IL-6 affects hyperlipidemia in this mouse model. More work is necessary to delineate the effect of hyperlipidemia on skeletal muscle mass and the interaction between adipose tissue stores and skeletal muscle size.
EXERCISE, IL-6, AND CACHEXIA
The benefits of exercise are numerous. Health-related exercise guidelines released by the U.S. government in 2008 call for 30 min of moderate-intensity exercise most days of the week (36) . The American Cancer Society also has published suggestions for physical activity levels in cancer patients undergoing treatment and during the recovery process (12) . They suggest maintaining as much physical activity as possible to improve fatigue, anxiety, self-esteem, cardiovascular fitness, muscle strength, and body composition. However, they also caution older individuals and others who may have complications, such as anemia, compromised immune function, or musculoskeletal problems, that these symptoms may pose as contraindications to exercise. However, physical activity guidelines have not been established for those who also have cachexia. More research is needed to determine if exercise can be beneficial for cancer patients undergoing muscle wasting. The few studies that have been conducted in humans and rodents, as well as physical activity levels during cachexia and their relationship to circulating IL-6, are discussed in the following section.
Physical Activity Levels During Cachexia
Another indirect effect of IL-6 that could contribute to cachexia is its effect on activity. Cancer patients have been monitored for their physical activity levels. Although overall physical activity did not differ between cancer and age-matched, noncancer patients, spontaneous physical activity was corre-lated to weight loss and blood hemoglobin concentrations, but circulating IL-6 was not measured (15) . Others have shown that weight-losing cancer patients exhibit less physical activity than healthy controls (27) .
When looking at rodent studies, our search of the literature did not uncover any studies that have measured physical Figure 2 . The relationship between muscle wasting, circulating Interleukin-6 (IL-6), and physical activity levels in cachectic Apc Min/+ mice. Apc Min/+ mice were given access to voluntary activity wheels starting at 5 wk of age until 26 wk of age. At the study's end, mice were stratified by their degree of wasting, which was dependent on body mass, gastrocnemius muscle mass, and epididymal fat pad mass. A. Gastrocnemius muscle mass, total polyps, and plasma IL-6 in mice with mild or severe cachexia. B. Body mass loss occurs after changes in physical activity. Physical activity was measured as maximum daily running velocity and daily distance run. *signifies different from mice with mild cachexia. activity levels during cancer cachexia. However, during high circulating IL-6 administration, IL-6 doses that were sufficient to cause muscle atrophy did not alter physical activity levels in rats (23) . Likewise, when IL-6 was administered to rats via miniosmotic pump directly to the muscle, the rats ran, on average, 4.5 kmId j1 over the course of the study and È5.5 kmId j1 during the final 6 d of the study (9) . Although there was not a control group given access to wheels, the data suggest that physical activity levels are not affected by IL-6 alone.
In work from our laboratory, we have shown that Apc Min/+ mice that become cachectic exhibit less voluntary wheelrunning activity, and this is associated with a greater polyp burden, higher circulating IL-6 levels, and gastrocnemius muscle atrophy (Fig. 2) . Severely cachectic mice also start running less distance between 15 and 18 wk of age (6) . In a more recent work, we have shown that the maximum speed generated in voluntary activity wheels starts to decrease from wild-type mice by 15 wk of age, whereas a change in body mass does not occur until 18 wk of age (8) . In another study, we have found that the number of mitochondria and many enzymes are reduced in severely cachectic mice (38) . These data would suggest that changes in physical activity precede any changes in body mass.
However, because others have not seen drastic reductions in physical activity levels with IL-6 administration into healthy rodents, it is possible that IL-6 indirectly affects activity levels. One variable could be anemia. In fact, we have shown that IL-6 is associated with the onset of anemia in Apc Min/+ mice (8) . Additionally, the onset of anemia precedes the decrease in physical activity level. It is possible that physical activity levels are reduced because of the onset of anemia. In fact, others have shown that erythropoietin administration improves symptoms of cachexia and decreases circulating IL-6 levels (24) .
Exercise Training Effects on Cachexia
Although many articles have been written about the potential for exercise training to prevent or attenuate cancer cachexia, there is an extremely limited amount of published research in the area. Resistance training mimicked using electrical stimulation in mice bearing the C-26 adenocarcinoma has been used. This treatment increased muscle mass and protein content in the stimulated side compared with the unstimulated side, 62% and 25%, respectively (2) . Artificially increasing endurance capacity through erythropoietin in C-26Ybearing mice can delay the loss of fat and muscle mass, in addition to reducing circulating IL-6 and improving survival (24) .
We have used both treadmill and voluntary wheel-running training paradigms for periods of 6 to 9 wk to examine the effect of exercise on the tumor incidence and growth (Fig. 3) . We have published that only treadmill training, not voluntary wheel running, can reduce the tumor burden in male Apc Min/+ mice (26) . However, circulating IL-6 levels were reduced with both treadmill training and voluntary wheel running. Although gastrocnemius muscles were similar in mass between sedentary and treadmill-trained mice, mice with access to voluntary activity wheels actually had smaller muscle masses than the other two groups. These findings have important implications for cachexia. First, if IL-6 and the overall tumor burden are both important for muscle wasting, and treadmill exercise training can reduce both of these, we would speculate that moderate-intensity treadmill exercise training also may be useful in preventing muscle wasting. However, we have not conducted any studies in older Apc Min/+ mice that are prone to cachexia. It is possible that low levels of exercise may be able to prevent cachexia in the early stages of cancer, but that exercise administered to a cachectic mouse may actually exacerbate the condition. Second, mice with access to voluntary activity wheels actually underwent atrophy. These mice also ran four times more than mice that were treadmill trained. It is possible that moderate amounts of exercise are more beneficial than longer durations of exercise, despite positive effects on circulating IL-6 levels.
It is not certain what role acute exercise-induced increases in IL-6 would have in the development and progression of cachexia. Muscle-produced IL-6 after a bout of exercise is thought to be a metabolic signal related to glucose metabolism and the replenishment of muscle glycogen stores. It is interesting to speculate that IL-6 also could have a regulatory role related to glucose metabolism in tumor cells, and this could occur at the expense of other tissues. These metabolic shifts related to IL-6 and tumor cells could explain why chronic circulating IL-6 levels do not cause atrophy in a nonYtumorbearing mouse. It also is intriguing to speculate that these metabolic changes related to IL-6 may play a role in the susceptibility of type IIb fibers to cachectic stimuli (Fig. 4) . Further work is needed to define clearly the relationship between exercise, IL-6, and the prevention of cachexia. Nevertheless, exercise of appropriate intensity and duration holds promise as a therapy for muscle and body mass retention with some types of cachexia.
CONCLUSIONS
The biomedical research community is seeking treatments for cachexia that attenuate the loss of body weight without affecting the underlying disease. Treating wasting by improving the underlying disease state is a separate clinical issue. These criteria also are important when interpreting animalbased cachexia research. A true understanding of mechanisms related to the induction of muscle wasting is critically important for developing therapies that may improve outcomes related to patient health and quality of life. Essential to this goal is an understanding of the mechanism involved in different stages of cachexia. It has been acknowledged that there is little hope of reversing the severely cachectic condition. The critical time for intervention has been established as the period of precachexia, or less than 5% body weight loss. Nutritional and physical activity interventions, alone or in combination, hold promise. Increased physical activity has the potential to lower chronic inflammation, increase muscle mitochondria content and function, and improve insulin sensitivity. Anabolic interventions such as testosterone and amino acid supplementation, alone or in combination with exercise, may provide an excellent paradigm for improving muscle protein maintenance and accretion. The future hope is that this research today will lead to specific science-based exercise and nutritional guidelines for maintaining body weight and muscle mass when living with and battling various diseases known to induce cachexia. which can act as a positive feedback signal to increase tumor growth and subsequent inflammation. IL-6 can directly influence muscle protein turnover through suppression of protein synthesis and activation of protein degradation. Indirect effects of IL-6 through the induction of adipose tissue lipolysis cause metabolic stress in the cachectic muscle.
